Flux Control Coefficients have been used in the analysis of metabolic regulation for quantifying the effect of an enzyme on the overall steady-state flux. However, the experimental determination of these coefficients is very time-consuming, involving either determining the individual enzyme kinetics or perturbing the enzyme activity by genetic or other means. We developed a methodology that enables the determination of the Flux Control Coefficients from transient metabolite concentrations without knowing kinetic parameters. The transient states can be generated by changing the incubation conditions or adding the initial substrate. This approach is suitable for investigating metabolic regulation in vivo or multiple enzyme systems in vitro. It is particularly helpful if used in conjunction with n.m.r. measurements. The approach is based on a relationship between transient metabolite concentrations and the Flux Control Coefficients. The methodology has been improved from our previous results, and it is illustrated by three examples with simple pathway topologies.
INTRODUCTION
The quantitative analysis of metabolic regulation requires simultaneously considering most, if not all, of the variables involved in the system. In this regard, the Flux Control Coefficients (Kacser & Burns, 1973; Heinrich & Rapoport, 1974) provide a useful basis for quantifying metabolic regulations: the higher the Flux Control Coefficient, the more controlling the enzyme is to the steady-state flux. Although the Control Coefficients reveal only the effect of infinitesimal changes in parameters (such as enzyme concentrations or V..ax) on the overall fluxes, they are conceptually useful in biochemical research. If all the enzyme kinetics or the Elasticity Coefficients are available, one can calculate the Flux Control Coefficients without much difficulty (e.g. Groen et al., 1986; Fell & Snell, 1988) . However, in most cases, enzyme kinetics are not available, and determining individual enzyme kinetics is very time-consuming.
On the other hand, direct experimental determination of Flux Control Coefficients involves altering enzymic activity or kinetic parameters by genetic means or by the use of inhibitors and measuring the change in the steady-state flux. Several examples ofthe experimental determination ofthe Flux Control Coefficients have been reported (e.g. Flint et al., 1981; Groen et al., 1982; Mazat et al., 1986; Salter et al., 1986; Torres et al., 1986 Torres et al., , 1989 Brand et al., 1988; Kruckeberg et al., 1989) . However, these approaches are not generally applicable to all the systems of interest. As an alternative, we proposed using the transient metabolite concentrations to calculate the Control Coefficients (Delgado & Liao, 1991) . This methodology provides a useful tool to extract information from transient metabolic data, and can simplify the experiments required to determine the Control Coefficients. As measurement techniques such as n.m.r. in vivo and h.p.l.c. become more accurate and user-friendly, it is possible that the measurement of transient metabolite concentrations will eventually become a routine task. Therefore the approach based on the transient metabolic data is promising.
In this paper we present a refined version of the methodology, which greatly improves the accuracy of the estimated Flux Control Coefficients. For simplicity, we discuss only the linear and branched pathways without substrate cycles or conserved metabolites, and we assume that the metabolites are homogeneously distributed in the system. Extension to more complex systems will need to be discussed elsewhere. The derivations of the theory are presented in Appendixes, as they are not critical for understanding the essence of the approach.
BACKGROUND
For definition purposes, let us consider the pathway depicted in Fig. 1 , where X1 and Xn+1 are extracellular substrate and product respectively. Although several representations have been used, the Flux Control Coefficient has been defined as (Burns et al., 1985) :
(1) (2) where xk is the concentration of metabolite k and vi is the flux through enzyme i. The Flux Control Coefficients can then be obtained by solving a set of linear algebraic equations, known as the Summation and Connectivity Theorems (e.g. Fell & Sauro, 1985; Westerhoff & Kell, 1987) .
In most cases, however, the enzyme kinetics or the Elasticity Coefficients are not readily available, or not accurate enough. This situation is one of the major difficulties in determining Flux Control Coefficients in practical systems.
THEORY
We proposed a methodology using the transient metabolite concentrations to calculate the Flux Control Coefficients without using the Elasticity Coefficients (Delgado & Liao, 1991) . The methodology requires measuring the metabolite concentrations in a transient state, and it is derived with the use of four assumptions: (1) as in other metabolic control analyses, the external (pool) metabolites do not affect the pathway kinetics or these metabolites are buffered; (2) the kinetic rate laws are sufficiently linear around the steady state of interest; (3) the calculation of the transient fluxes from the measurement of metabolite concentrations for every reaction in the pathway must be theoretically possible; (4) the metabolites are homogeneously distributed in the system. The first assumption makes the definition of the Control Coefficients mathematically meaningful. These conditions enable the internal metabolite concentrations to reach a unique non-trivial stable steady or quasi-steady state. The second assumption is in effect equivalent to the use of Elasticity Coefficients evaluated at the steady state. Although most of the enzyme kinetics are non-linear, the approximation by the above equation is satisfactory for practical purposes. The third assumption is necessary because the methodology implicitly converts the transient metabolite concentrations into the transient flux through each enzyme. Such conversion will not be possible if the number of metabolites is less than the number of enzymes. The fourth assumption is necessary because the cases of enzyme-enzyme complex and substrate channelling are not investigated in the present paper. If there are any enzyme-enzyme complexes, each of them is treated as a single step.
Using these assumptions, we derived a relationship between the Flux Control Coefficients and the transient flux through each enzyme (Delgado & Laio, 1991 (Schauer et al., 1981) : the fluxes through controlling enzymes, hexokinase, phosphofructokinase and pyruvate kinase, stay relatively constant, whereas the fluxes through the 'fast-equilibrium' enzymes can adjust very rapidly (within a few seconds) to dissipate the free energy.
The direct application of eqn. (3) has been illustrated (Delgado & Liao, 1991 or the Elasticity Coefficients. We therefore measure the metabolite concentrations as a function of time. This is done here by computer simulations, and we take ten points (with three significant digits) before the system reaches the quasi-steady state (Fig. 3) .
In this example, eqn. (4) takes the following form:
We then determine ai from these simulated data. Here one may be tempted to use xi(t) -xi (0) (Myers, 1990 (Fell & Sauro, 1985; Westerhoff & Kell, 1987 
Note that X1 was deleted in order to avoid collinearity due to the mass balance. Moreover, because of the lumping the stoichiometric matrix A is now:
Now assume that the kinetic parameters are unknown, but it is known that enzymes 3 and 4 are not rate-controlling so that the Flux Control Coefficients are close to zero compared with the others. To determine the Flux Control Coefficients for the other enzymes, we measure the metabolite concentrations in a transient state. Again, this is done by using computer simulation, and the data are shown in Fig. 4 . It has to be noted that this time we used only two significant digits in the simulation, and again ten data points.
Since reactions 3 and 4 are fast, they reach quasi-equilibrium before the first measurement. Therefore if we use X1 to X6 as It has been shown that the presence of non-controlling enzymes in metabolic pathways is related to the characteristic reaction path and that lumping has to be done in a stoichiometric fashion (Liao & Lightfoot, 1988 Mazat et al., 1986; Salter et al., 1986; Torres et al., 1986 Torres et al., , 1989 Brand et al., 1988; Kruckeberg et al., 1989) , and (2) calculation from the Elasticity Coefficients, which in turn require comprehensive information on individual enzyme kinetics (e.g. Groen et al., 1986; Fell & Snell, 1988) . We have now presented a methodology that enables one to determine the Flux Control Coefficients from transient metabolite concentrations. This approach can potentially reduce the amount of experimentation by an order of magnitude, if it is used in conjunction with n.m.r. measurements. Although the accuracy of the methodology has been greatly improved from our previous results, this approach still requires relatively accurate measurements (about 5-10 % maximum error).
The central concept of our approach is that the transient metabolite concentrations are determined by the enzyme kinetics, and that the transient state contains much more information than the steady state. It is therefore possible, in principle at least, to extract kinetic information from the transient state. However, such practice is so sensitive to measurement noise that it becomes almost impossible to extract all the kinetic parameters from the transient data. Instead of estimating all the kinetic parameters, here we limit the scope to extract some useful information, namely the Flux Control Coefficients, from the transient metabolite data.
The theoretical basis of our approach is presented by eqns. (3) and (4), which can be applied to pathways of any topology as long as (1) the internal metabolite concentrations are able to reach a unique and stable steady or quasi-steady state, (2) the calculation of the transient fluxes through each reaction from the transient metabolite concentration data must be theoretically possible, and (3) the metabolites are homogeneously distributed in the system. The first assumption makes the definition of the steady-state Flux Control Coefficients meaningful. The second assumption is necessary as the methodology implicitly converts the transient metabolite concentrations into transient fluxes. This is usually possible if the number of metabolites is greater than the number of enzymes. The third assumption avoids the sometimes justifiable complexity of enzyme-enzyme complexes, which will need to be treated elsewhere.
We also stated previously that the derivation of eqns. (3) and (4) is based on a linear approximation of the enzyme kinetics around the steady state. In principle, eqn. (4) is strictly true for systems described by linear kinetics. In practice, however, the regression process based on this equation to estimate the ac is somewhat equivalent to the linearization process, which has been justifiably used in the definition of the Control Coefficients and the Elasticity Coefficients. In other words, the linearization process is applied directly to the transient-state data, instead of linearizing the kinetic rate laws, which may be unknown. Therefore this approach can be applied to systems with nonlinear kinetics, and the resulting Flux Control Coefficients will be defined for the vicinity of the steady state under investigation.
The derivation of the equations used here is obtained by using an approach reported by Reder (1988) and is presented in the Appendixes. It has to be noted that the Flux Control Coefficients determined by our method are general in the sense that they do not rely on the assumption that the velocity of every isolated step is proportional to the enzyme concentration. Rather, the derivation is based on the generalized Flux Control Coefficients defined in Appendix A [eqn. (A-19) ], which will reduce to the conventional definition [eqn. (1)] if the, enzyme activity is proportional to the enzyme concentration. Thus eqns. (3) and (4) yield Flux Control Coefficients defined as in eqn. (1) if the above condition is met. In case the enzyme activity is not proportional to the enzyme concentration, the Flux Control Coefficients determined by the present method are the ones defined in eqn. (A-19) , which are related to the conventional ones by the elasticity of the velocity of the enzyme (v,) with respect to its concentration (ei) (e.g. Kacser et al., 1990; Melendez-Hevia et al., 1990) . All of the above are consequence of the use of Reder's (1988) Reder (1988) . The complete derivation of the fundamental equations is rather technical and mathematically intensive. Therefore only a brief summary useful for our derivation and to define the nomenclature is presented. Complete details of the basic equations can be found in the original paper (Reder, 1988) .
Consider a biochemical system with m internal metabolites and r reactions described by:
purpose. J/ is the steady-state flux through enzyme i and vi is the velocity through enzyme i (note that Z was denoted as C by Reder, 1988 Reder, 1988) :
Integrating between two arbitrary time points, one gets:
where NR is an mo x r matrix formed by the first mo rows of N that constitute a basis for its row space. L is an m x mo matrix that has the form:
[Lo] (A-3) where Im is the mo x MO identity matrix and Lo is (mi-iMO) x MOn.
It has been shown that the following relation is satisfied (Theorem 5 of Reder, 1988 (Reder, 1988 where the K denotes the branch on which the Flux Control Coefficients are based.
In linear (unbranched) pathways there art no 'special relationships among the Flux Control Coefficients. On the other hand, in branched pathways some relationships can be extracted and their number and form will depend on the topology of the reaction network. For the configuration depicted in Fig. 6 , the stoichiometric matrix A is given by eqn. (24) . In this case eqn. 
